To test the hypothesis that insulin acutely enhances the metabolic clearance rate (MCR) of dehydroepiandrosterone in humans, the effect of a short-term insulin infusion on the MCR of dehydroepiandrosterone was assessed in 10 men and 7 women. After an overnight fast, dehydroepiandrosterone was infused at 3.47 jumol/h for 6.5 h. At 240 min, a hyperinsulinemic-euglycemic clamp was begun by infusing insulin at 21.5 pmol/kg per min for 2.5 h. MCR of dehydroepiandrosterone was calculated at baseline (210-240 min) and during the insulin infusion (360-390 min). A control study was conducted at least 1 wk later, in which 0.45% saline was substituted for the hyperinsulinemic-euglycemic clamp. During the insulin clamp study, serum insulin rose from 34±2 to 1084±136 pmol/liter (P = 0.0001) in men and from 40±5 to 1357+175 pmol/liter (P = 0.0003) in women, while serum glucose remained constant in both groups. MCR of dehydroepiandrosterone rose in men during the insulin infusion from 2443±409 to 3599±500 liters/ 24 h (P = 0.003), but did not change during the control saline infusion. In contrast, MCR of dehydroepiandrosterone in women did not change in the insulin clamp study during insulin infusion (2526±495 liters/24 h at baseline vs. 2442±491 liters/24 h during insulin infusion; P = 0.78). These findings suggest that insulin acutely increases the MCR of dehydroepiandrosterone in men but not in women.
Introduction
The steroid dehydroepiandrosterone (DHEA)' is derived primarily from the adrenal glands in both men and women (1) . DHEA exhibits a very high turnover, which is characteristic of a biologically active hormone (2) , and mounting evidence suggests that DHEA may play an important biological role in preventing heart disease in men (3) (4) (5) (6) (7) (8) (9) (10) . In animal studies, administration of DHEA protects against the development of experimentally induced aortic (11, 12) and coronary ( 13) atherosclerosis. DHEA may exert these cardioprotective actions by inhibiting cellular proliferation (14) , lowering serum lipids (15, 16) , and suppressing platelet reactivity (17) . Moreover, some studies in humans (18) (19) (20) and animals (21-23), although not all (15, 24, 25) , suggest that DHEA may improve insulin sensitivity.
Circulating DHEA demonstrates a striking and unexplained age-related decline. Peak serum DHEA levels occur around age 20-30 yr, decline progressively thereafter, and are reduced by > 90% by age 80 yr (26, 27) . This pattern contrasts markedly with adrenal glucocorticoids, whose serum levels and responsiveness to adrenocorticotropin remain relatively stable with aging (1) . While it has been known for some time that adrenal androgen metabolism is regulated differently from adrenal glucocorticoids or mineralocorticoids, little is known about the mechanism(s) subserving the distinct metabolism of DHEA.
Insulin may regulate DHEA metabolism in men. Serum DHEA levels decline progressively in men during an acute elevation of circulating insulin (24) . Conversely, chronic reduction of circulating insulin in men is associated with a rise in serum DHEA levels in some (27a), although not all (28) , studies.
Evidence suggests that a mechanism for insulin's reduction of circulating DHEA in men (24) might be enhanced DHEA clearance. For example, the metabolic clearance rate (MCR) of adrenal androgens is increased two-to fivefold in obesity (29) (30) (31) (32) , which is an insulin-resistant and hyperinsulinemic state. The MCR of adrenal androgens declines with fasting (31, 33), even when weight loss is minimal but circulating insulin presumably falls. Although investigators have attributed the elevated MCR of adrenal androgens in obesity to increased deposition of androgens into fat tissue, studies have failed to show a clear relationship between indices of overall adiposity (body mass index or percent ideal body wt) and serum adrenal androgen levels (34, 35) . In contrast, it has been reported that a significant positive correlation exists between fasting serum insulin and the MCR of adrenal androgens in women (29, 32) . On the basis of the above observations, it seems likely that the hyperinsulinemia of obesity is directly responsible for the increased MCR of adrenal androgens, although fat tissue may act as a storage site.
To test the hypothesis that insulin acutely enhances the MCR of DHEA (MCRDHEA) in humans, the effect of a shortterm insulin infusion on the MCRDHEA was assessed in both men and women. We observed a sex-based disparity in insulin action, in that insulin increased the MCRDHEA in men but not in women. Table I ), the two study sessions were separated by 28 d and each was performed during the early follicular phase of the menstrual cycle (days 3-5). Women taking oral constant-dose estrogen contraceptives (n = 2; subjects 4 and 5 in Table I ) were asked to take the medication daily for 6 wk, and were studied during weeks 5 and 6. The two study sessions were separated by 1 wk in the single woman (subject 7 in Table I ) using a transdermal delivery system contraceptive (Norplantg; Wyeth-Ayerst Laboratories, Philadelphia, PA).
Exogenously infused DHEA is taken up by the ovary in vivo (36) .
Therefore, MCRDHEA was determined by the nonisotopic method described by Belisle et al. (37) to optimize safety for and recruitment of premenopausal women. This methodology yields results similar to those obtained by isotopic methods (37) , and has been utilized by other investigators for this purpose (29, 32) . For the first (experimental) study session, subjects were admitted to the General Clinical Research Center after an overnight fast at 0800 hours and two intravenous catheters were placed in contralateral antecubital veins of each subject: one for blood withdrawal and the other for DHEA, insulin, and glucose infusions. After baseline blood samples were obtained at 0830 hours (time 0), crystallized and sterilized DHEA (dissolved in 33% ethanol and 0.9% saline) was administered intravenously at a rate of 3.47 yrmol/h (1.0 mg/h) for 6.5 h. Blood samples were drawn for determination of DHEA, insulin, and glucose concentrations at (-20, -10, 0, 30, 60, 90, 120, 150, 180, 210, 220, 230, and 240 min. Serum DHEA levels attain steady state after 3 h of a constant DHEA infusion (29, 32) , and steady state of serum DHEA in this study at 210, 220, 230, and 240 min of DHEA infusion was documented using a mixed-model ANOVA. The mean baseline (preinfusion) DHEA concentration was considered the average of the -20, -10, and 0 min values. The four serum DHEA values from 210-240 min were used to calculate the baseline MCRDHEA as previously described (29, 32, 37) , using the formula: MCRDHEA = DHEA infused (jOmol/24 h) . A DHEA concentration at plateau (nmol/liter), where A DHEA concentration at plateau represents the mean serum concentration of DHEA at equilibrium minus the mean baseline (preinfusion) DHEA level.
A hyperinsulinemic-euglycemic clamp was initiated immediately after the 240-min blood sample was drawn and while the DHEA infusion continued. This was done in a manner similar to studies we published previously (24, 38, 39 The second (saline control) study session was performed identically to the hyperinsulinemic-euglycemic clamp session, except that a saline infusion was substituted for the insulin and dextrose infusions. DHEA alone was infused from 0-240 min, and the baseline MCRDHEA was determined during 210-240 min. Starting at 240 min, while the DHEA infusion continued, a 2.5-h 0.45% saline infusion was initiated at a rate equal to the combined insulin and dextrose infusion rates during the first study session. The saline infusion rate was adjusted every 15 min, and the MCRDHEA determined again during 360-390 min. The study sessions were not randomized, because the individual hourly saline infusion rates required for each subject during control sessions could not be anticipated a priori.
Assays. Blood samples were centrifuged immediately, and sera separated and stored at -20'C in glass tubes until assayed. Serum insulin levels were determined by a double antibody radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA). Serum glucose levels were determined by the glucose oxidase method (Glucose Analyzer; Beckman Instruments, Inc., Fullerton, CA). Serum DHEA concentrations were determined after organic extraction from serum by solid phase radioimmunoassay (Diagnostic Products Corp.). 3H-labeled steroid was added to serum before extraction to correct for procedural losses. To avoid interassay variation (which is 7% for the insulin assay and 10% for the DHEA assay), all hormone measurements were determined in a single assay. The intraassay coefficients of variation for the insulin and DHEA assays were < 5% and < 7%, respectively.
Statistical analysis. Results are reported as mean±SEM. Within a group, results before treatment (baseline MCR) were compared to those during treatment (MCR during insulin or saline infusion) by Student's two-tailed paired t test. Comparisons between groups were made by Student's two-tailed unpaired t test. P < 0.05 was considered significant.
Results
Results in men. Mean age of the men was 24.2±0.5 yr, and mean body mass index was 24.1+0.6 kg/M2.
In the hyperinsulinemic-euglycemic clamp study, serum insulin rose from a basal concentration (mean of -20-240 min values) of 34±2 to 1084+136 pmol/liter (mean of 270-390 min values) during the insulin infusion (P = 0.0001; Fig. 1 ). In contrast, serum insulin fell slightly but significantly during the saline control study (50±4 pmol/liter at baseline vs. 34±2 pmol/liter during saline infusion; P < 0.03; Fig. 1 ). Serum glucose remained constant at the fasting level during both the hyperinsulinemic-euglycemic clamp and saline control studies (Fig. 1 ).
In the hyperinsulinemic-euglycemic clamp study, MCRDHEA rose in each man during the insulin infusion (Table I) . Mean MCRDHEA rose by 47% from a baseline value of 2443+409 to 3599±500 liters/24 h during the insulin infusion (P = 0.003; Table I and Fig. 2) .
Baseline MCRDHEA during the saline control study did not differ from baseline MCRDHEA during the insulin study (2443+409 vs. 2560+323 liters/24 h, respectively; P = NS; Fig. 2 ). In the saline control study, MCRDHEA did not change during the saline infusion (2560±+323 liters/24 h at baseline vs. 2313±356 liters/24 h during saline infusion; P = NS; Fig. 2) .
Results in women. Mean age of the women was 23.7+1.3 yr, and mean body mass index was 22.0±1.0 kg/M2. The women did not differ from the men with respect to age (P = 0.70). Although the women tended to have a lower body mass index than the men, this was not statistically significant (P = 0.07).
In women, serum insulin rose in the hyperinsulinemic-euglycemic clamp study from a mean of 40±5 pmol/liter to 1357+175 pmol/liter during the insulin infusion (P = 0.0003; Fig. 1 ). In contrast, serum insulin fell slightly but significantly during the saline control study (47±8 pmol/liter at baseline vs. 37+5 pmol/liter during saline infusion; P < 0.05; Fig. 1 ).
During both the hyperinsulinemic-euglycemic clamp and saline control studies serum glucose remained constant at the fasting level (Fig. 1) .
In contrast to the men, insulin did not affect the MCRDHEA in women (Table I and Fig. 2 ). In the hyperinsulinemic-euglycemic clamp study, the MCRDHEA during the insulin infusion did not differ from that at baseline (2442±491 liters/24 h versus 2526±495 liters/24 h, respectively; P = 0.78) (Fig. 2) .
Of note, in the hyperinsulinemic-euglycemic clamp study, the basal MCRDHEA did not differ between the normally cycling women (n = 4) or the women on contraceptive therapy (n = 3) (2259+834 liters/24 h vs. 2881±462 liters/24 h, respectively; P = 0.58). Furthermore, insulin did not alter the MCRDHEA in either group (normally cycling women: 2259±834 liters/24 h vs. 1915±541 liters/24 h during insulin infusion; P = 0.35; women on contraceptive therapy: 2881+462 liters/24 h vs. 3144±818 liters/24 h during insulin infusion; P = 0.66).
Baseline MCRDHEA during the saline control study did not differ from baseline MCRDHEA during the insulin study (2524+209 liters/24 h vs. 2526±495 liters/24 h, respectively; P = NS; Fig. 2) . Moreover, the MCRDHEA did not change during the saline control study (2524±209 liters/24 h at baseline vs. 2380±203 liters/24 h during saline infusion; P = NS; Fig. 2 ).
Discussion
The findings of the present study indicate that insulin acutely increases the MCRDHEA in men. The MCRDHEA rose in each of the 10 men during acute hyperinsulinemia, but did not change during control saline infusions. The serum insulin concentrations attained during the insulin infusions were within the physiologic range, in that they were similar to those that might be observed after a meal. Hence, the study's findings support the idea that insulin acts as a physiologic regulator of DHEA metabolism in men (7) . A theoretical mechanism by which insulin could increase the MCRDHEA in men might involve insulin's well-described vasodilatory action (40) (41) (42) (43) . By acting as a vasodilator, insulin would acutely enhance delivery of DHEA to fat depots, where this lipophilic steroid could accumulate.
An additional, and perhaps the most intriguing, finding of this study was that insulin increased the MCRDHEA only in men, and did not affect the MCRDHEA in women. While we were surprised by this finding, insulin's sex-specific action on the MCRDHEA was not entirely unexpected. In contrast to reports in men (24), serum DHEA levels in women do not fall during an acute insulin infusion (44, 45) and do not change during chronic suppression of serum insulin levels (27a). These observations suggest that insulin lowers serum DHEA levels in men, but does not affect circulating DHEA levels in women.
Several other lines of evidence also suggest that sex-based differences in DHEA metabolism exist. In vivo hydrolysis of isotopically labeled DHEA-sulfate to DHEA appears to be greater in women than in men (46), as is the serum ratio of DHEA to DHEA-sulfate (47) . Some studies, although not all, suggest that serum DHEA and DHEA-sulfate levels are lower in women than in men (1, 27, 47, 48) , despite the fact that these steroids are almost exclusively of adrenal origin in both sexes (1) . A recent genetic study indicates that heritable factors are the primary determinants of circulating DHEA-sulfate concentrations in women, whereas in men heredity plays a minor role and other unidentified factors appear to dominate (49) . Collectively, these observations support the idea that DHEA metabolism may be regulated differently in men than in women. The sex specificity of insulin's acute action on the MCRDHEA may explain why the experimental elevation of circulating insulin is associated with a decline in serum DHEA levels in men (24) but not in women (44, 45 (50) (51) (52) (53) . Furthermore, evidence suggests that differences in circulating sex steroids may account for the differential vascular responses to thromboxane A2 observed between male and female rats (53) .
Finally, it should be noted that this study's findings appear to contrast with the report by Farah et al. (32) , which described a positive correlation between the MCRDHEA and fasting serum insulin levels in normal women. A potential explanation for this apparent discrepancy is that chronic effects of insulin on DHEA metabolism likely differ from acute actions. For example, under chronic conditions hyperinsulinemia has been shown to increase capillary density in muscle (54) . If this action of insulin were to extend to other tissues, chronic exposure to hyperinsulinemia could result in increased vascularization of adipose tissue and enhanced delivery of DHEA to fat storage sites. Under acute experimental conditions, this action of insulin would not be observed.
The clinical relevance of these findings is at least threefold. Firstly, some epidemiologic studies report that serum DHEA and/or DHEA-sulfate levels in men are reduced in pathological states characterized by insulin resistance and hyperinsulinemia, such as obesity (55, 56) , hypertension (9, 57) , and untreated type II diabetes mellitus (58) . The findings of this study suggest that enhancement of the MCRDHEA by insulin may contribute to the reduced serum DHEA levels observed in some of these pathologic conditions, at least as far as men are concerned.
Secondly, mounting evidence suggests that DHEA and its ester, DHEA-sulfate, exert multiple antiatherogenic and cardioprotective actions (3, 7-9, 11-13). A higher serum DHEAsulfate level lowers the risk in men for the development of atherosclerosis (4-6, 8, 10 ). An epidemiological association between hyperinsulinemia and macrovascular disease has been well documented (59, 60) , and it has been proposed recently that hyperinsulinemia may promote atherosclerosis by lowering circulating DHEA and DHEA-sulfate concentrations (7) . The findings of this study bolster this hypothesis, in that they support the idea that insulin regulates DHEA metabolism in men under physiological conditions. Thirdly the results of studies examining insulin's effects on DHEA metabolism that were performed in men, and vice versa (61) . The sex specificity of insulin action observed in the present study indicates that this practice may not be valid. Studies need to be performed in both men and women to obtain an accurate understanding of insulin's actions on human DHEA metabolism. In summary, the results of this study suggest that insulin acutely increases the MCRDHEA in men. In contrast, insulin does not appear to acutely change the MCRDHEA in women. These findings suggest that a sex-based difference exists in insulin regulation of human DHEA metabolism. 
